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For selective manipulation of dopamine neurons, we expressed ChR2 in the ventral midbrain in 142 5). Importantly, circling was cue-evoked and did not occur in cre+ unpaired or cre-groups ( Fig.   143 4b). For VTA cre+ paired rats, cue approach was the dominant CR early in training, but on 144 average they also began to develop circling, resulting in a mixed behavioral phenotype for some 145 rats late in training ( Fig. 4b & e ). Compared to SNc rats, which never approached the cue, and 146 showed an immediate circling bias, VTA rats developed circling more slowly (Fig. 4b-e ). The 147 transition of VTA rats from cue-directed locomotion to a mixture of cue-directed and non-cue-148 directed locomotion may reflect the progressive recruitment of ascending serial circuits across extended training 23, 24 , resulting in cue-related dorsal striatal dopamine release and behavioral 150 control 25, 26 . Together these results show that dopamine neurons contribute to Pavlovian 151 conditioned incentive motivation and movement invigoration in anatomically distinct ways and 152 on different timescales throughout the progression of learning.
154
Incentive stimuli, in addition to being attractive, can also become desirable, in that they reinforce 155 actions that lead to their obtainment. This process is critical for durable reward-seeking 156 behaviors when reward is not immediately available 18 . Building on the results shown above 157 ( Fig. 3) , we next asked if VTA and SNc dopamine optogenetically-conditioned CSs could 158 subsequently serve as conditioned or "secondary" reinforcers 18, 27 , to support a new action in 159 the absence of optogenetic stimulation (Fig. 5a ). Cre+ paired VTA (Fig. 5c ), but not SNc (Fig.   160 5d) rats responded robustly to receive conditioned cue presentations, relative to unpaired and 161 cre-controls, indicating that the instantiation of conditioned reinforcement is specific to VTA 162 dopamine neurons. The ability of a cue to serve as a conditioned reinforcer reflects the 163 assignment of incentive motivational value and suggests, for VTA rats only, in addition to simply 164 eliciting conditioned behaviors, the CS became a stimulus for which they were motivated to 165 respond in its own right 28 . Furthermore, this shows that, while SNc-paired cues can generate 166 vigorous movement (Fig. 4 ) the functional content of the signal conditioned through SNc 167 dopamine neurons is fundamentally distinct from VTA dopamine neurons, because it does not 168 confer incentive value.
170
We next assessed the primary reinforcing value of dopamine neuron activation, in an 171 intracranial self-stimulation paradigm 8, 29 , where active nose pokes resulted in a brief laser train 172 delivery, with no associated cues ( Fig. 5b ). Unlike the anatomical dissociation in conditioned 173 reinforcement, VTA and SNc dopamine neuron stimulation created similar levels of primary 174 reinforcement (Fig. 5e ). Taken together, our results show that brief, phasic activity of VTA 175 dopamine neurons is sufficient to apply incentive value to previously neutral environmental cues 176 to promote attraction and create conditioned reinforcement. SNc dopamine neuron activity, 177 alternatively, imbues cues with conditioned stimulus properties that promote movement 178 invigoration more generally. Direct reinforcement of an instrumental action, in contrast to these 179 divergent Pavlovian cue conditioning functions, is uniformly supported across dopamine 180 subpopulations 8,30 .
182

Mesostriatal-circuit specific instantiation of incentive value
Dopamine signaling within striatal compartments can modulate the incentive value of reward-184 associated cues 31-34 , but it is unknown if distinct dopamine projections to striatum can create 185 incentive stimuli. Given this mesostriatal complexity, and that the VTA effects described above 186 could be driven by dopamine projections to non-striatal targets 35 , we next determined if an 187 incentive value signal could be created by phasic activity in dopamine neurons projecting into 188 distinct sub-regions of the striatum. We transfected the striatum of TH-cre+ rats with a 189 retrogradely-transported AAV vector containing ChR2 ( Fig. 6a and b ), which produced robust 190 expression in dopamine neurons in the midbrain. Ex vivo electrophysiological recordings 191 showed that ChR2-expressing dopamine neurons projecting to the ventral striatum/nucleus 192 accumbens (NAc) and dorsal striatum (DS) reliably followed 100 pulses of 20-Hz blue light 193 stimulation with action potentials ( Fig. 6c -e; Supplementary Fig. 9 ). In independent groups of 194 rats, we targeted striatal injections to dopamine terminals in the NAc core, medial shell, or DS, 195 which resulted in projection-defined expression patterns among TH+ neurons in the midbrain 196 ( Supplementary Fig. 8 ). Cell bodies of dopamine projections to the shell were concentrated in 197 the ventromedial VTA (Fig 6f; Supplementary Fig. 8 ), projections to the core were concentrated 198 in the dorsolateral VTA ( Fig. 6g ; Supplementary Fig. 8 ), and DS projections occupied the 199 medial-lateral extent of the SNc ( Fig. 6h ; Supplementary Fig. 8 ). We targeted optic fibers over 200 the midbrain in these animals for projection-specific optogenetic activation ( Fig. 6i-k 
208
Here we trained rats to associate sensory cues with optogenetic activation of dopamine 209 neurons. We found that, by virtue of a temporal association, the cues acquired conditioned 210 stimulus properties that allowed them to evoke conditioned behaviors and conditioned 211 dopamine neuron activity. Critically, the topography of behavior evoked by conditioned cues 212 varied according to which dopamine neuron subpopulation was targeted. These results 213 demonstrate a fundamental dissociation in the function of dopamine neurons in Pavlovian 214 conditioned motivation, where VTA-associated cues acquire incentive value, and SNC-215 associated cues invigorate intense locomotion. We further found that the incentive value signal 216 was specific to nucleus accumbens core projecting dopamine neurons. Together, these results dopamine circuits in Pavlovian reward. instantiation is a function uniformly present across the major dopamine neuron output systems 232 in the ventral midbrain, the VTA and SNc (Fig. 1 ). We found that these conditioned stimuli 233 evoked activity in dopamine neurons themselves (Fig. 2) , similar to what has been previously 234 demonstrated during natural (i.e., food) cue conditioning using electrophysiological approaches 235 12,14,36 . Our results extend these studies by providing insight into the functional content of 236 Pavlovian cue-evoked bursts in dopamine neuron activity. We found that the magnitude of cue- 18, 20, 21, 32, 33, 38, 39 , by showing that dopamine neurons 247 create these properties during Pavlovian conditioning, in the absence of reward receipt or 248 consumption. Thus, a primary function of VTA dopamine neurons activity is to apply incentive 249 value to current sensory information in an animal's environment.
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We found that SNc dopamine neurons, alternatively, conferred a more general movement 252 invigoration signal; cues paired with their activation evoked locomotion not directed at the cue, 253 and they failed to serve as conditioned reinforcers. These results demonstrate that distinct Attributing incentive value to reward-related cues is essential for adaptive behaviors, but 287 pathological attribution of incentive value to cues and rewards underlies impulse control 288 disorders, like addiction 1 . Our results establish that mesolimbic dopamine neurons instantiate 289 incentive value to generate attraction and conditioned reinforcement. They suggest, broadly, 290 that features in an individual's environment that coincide with elevated mesolimbic dopamine 291 neuron activity will acquire incentive value, a process that will be amplified by drug exposure 292 18,21,48 . Interestingly, we also found, late in Pavlovian training, cues paired with VTA dopamine 293 neuron activation began to evoke non-specific (i.e., not cue directed) movement, similar to SNc- Our results are among the first to isolate distinct conditioned motivational functions for phasic 303 activity among specific dopamine projections, providing an important step towards 304 understanding how dopamine neurons orchestrate Pavlovian reward moment-to-moment at the 305 circuit level. We found that only dopamine neurons projecting to the nucleus accumbens core 306 created incentive value for Pavlovian conditioned cues ( Fig. 6 ), suggesting that dopamine 307 neuron function is highly segregated by striatal projection target. Our results are consistent with 308 data from a number of studies showing a role for dopamine release in the core in cue-evoked 309 behaviors in general, and incentive motivation specifically 20, 31, 51 . It is somewhat surprising that 310 medial shell-projecting dopamine neurons did not confer incentive value to Pavlovian cues,
311
given that previous studies generally implicate dopamine signaling in the shell in incentive 312 motivation 33, 34, 52, 53 . Our results suggest that while medial shell dopamine tone can modulate the 313 incentive value of reward-associated cues, phasic shell-projecting dopamine neuron activity 314 does not instantiate it.
316
Among dopamine neurons, there is considerable genetic, anatomical, and physiological 317 diversity 6,7 . While medial accumbens shell dopamine neurons have been compared to those 318 projecting to the dorsal striatum, prefrontal cortex, and amygdala 54,55 , less is known about how medial shell and core inputs differ. The medial shell may receive relatively more input from VTA 320 neurons that co-release dopamine and glutamate that are concentrated in the medial VTA 6 , 321 which could confer unique function, compared to the core. Dopamine actions on medium spiny 322 neurons in the core and shell are also regulated by differential inputs from the prefrontal cortex 323 56 . A functional and anatomical input-output assessment for dopamine neurons 57 projecting to 324 the shell versus core, and for medium spiny neurons in the shell versus core, is an important 325 future direction for understanding mesocorticolimbic network-level control of conditioned 326 motivation.
328
Conclusions
329
In summary, we show that brief, phasic dopamine neuron activity throughout the midbrain can 
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811
Surgical Procedures: Viral infusions and optic fiber implants were carried out as previously 812 described 59 . Rats were anesthetized with 5% isoflurane and placed in a stereotaxic frame, after 813 which anesthesia was maintained at 1-3%. Rats were administered saline, carprofen anesthetic,
814
and cefazolin antibiotic intraperitoneally. The top of the skull was exposed and holes were made 815 for viral infusion needles, optic fiber implants, and 5 skull screws. Viral injections were made 816 using a microsyringe pump at a rate of 0.1μl/min. Injectors were left in place for 5 min, then 817 raised 200 microns dorsal to the injection site, left in place for another 10 min, then removed 818 slowly. Implants were secured to the skull with dental acrylic applied around skull screws and 819 the base of the ferrule(s) containing the optic fiber. At the end of all surgeries, topical anesthetic 820 and antibiotic ointment was applied to the surgical site, rats were removed to a heating pad and 821 monitored until they were ambulatory. Rats were monitored daily for one week following and projection-specific studies) after surgery.
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